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Introduction
Contamination of natural arsenic (As) in water supplies is a main environmental and health problem on a worldwide scale. Concentrations of arsenic in groundwater and surface water in many regions of the world are increasing in current years (Ferguson and Gavis 1972; Smedley and Kinniburgh 2002; Mohan and Pittman 2007; Ravenscroft et al. 2009 ). The natural processes responsible for the environmental distribution of arsenic are weathering reactions, volcanic emissions and biological activities. The anthropogenic activities responsible for the arsenic contamination are smelting, glass and ceramic manufacturing industries, insecticides and petroleum refineries (Kundu and Gupta 2006; Mondal et al. 2006; Mohan and Pittman 2007) .
Copper smelting creates a huge volume of wastewater containing large amounts of inorganic compounds such as heavy metals like lead, copper, zinc, iron, cadmium and bismuth and highly carcinogenic metalloid like arsenic species. It poses a serious threat towards man and the flora and fauna of our ecosystem contaminating the natural water tables (ground water and surface water) in the vicinity. In copper smelting, wastewater concentration of arsenic is as high as 1979 mg/L (Basha et al. 2008) . With the aim of maintaining a good quality of fresh water resources, this wastewater must be treated so that the water can be reverted to the ecosystems.
Arsenic occurs as a major component in more than 200 minerals, such as elemental arsenic, orpiment, galena, arsenopyrites, marcasite and realgar. Two dominating species of inorganic forms of arsenic which exist in natural water are arsenite (As(III)) and arsenate (As(V)). Arsenite (As(III)) is usually more mobile and toxic than arsenate (As(V)) as the predominant As(III) compound is neutral in charge (Korte and Fernando 1991; Neff 1997) . Contamination of arsenic in drinking water is gradually increasing. It enters into the blood from water, gets concentrated with time and causes cancer of liver, prostate, kidney, skin, lungs and bladder. It is one of the probable risks to instigate hyperkeratosis and change in skin pigmentation (Meng et al. 2000 (Meng et al. , 2002 Mondal et al. 2006) . Long-term exposure of arsenic terminates the function of nervous system and cardiovascular, which may finally lead to death.
Owing to the severe effects of arsenic on people's health, the maximum contaminant level (MCL) of arsenic in drinking water has been revised from 50 to 10 lg/L by the World Health Organization (WHO 1993) (NHMRC 1996) . Therefore, processes to scavenge arsenic competently from drinking water and wastewater with concentrations [0.01 mg/L are urgently required.
Several physicochemical techniques are applied for removing arsenic from both water and wastewater. The conventional methods used for the removal of arsenic are membrane techniques, oxidation/precipitation, ion exchange, coagulation and flocculation and adsorption (Dambies 2004; Garelick et al. 2005; Mondal et al. 2006; Wang and Mulligan 2006; Choong et al. 2007; Mohan and Pittman 2007) . However, these methods suffer from several disadvantages such as inadequate removal of metal ions, high capital as well as high operational cost, limited tolerance to pH change, and energy requirements. They are inappropriate for small-scale industries, and disposal of the remaining toxic metal containing sludge which needs to be further treated is also a problem (Sharma and Sohn 2009; Chiban et al. 2011) . Adsorption processes are operative practices and they have long been applied in industries for abating inorganic and organic pollution for low budget, easy treatment, minimal sludge production and its regeneration ability. (Ranjan et al. 2009 ). The response of biotechnological prospective has praised researches for gaining alternative processes of heavy metal removal techniques which can revenue both the environment and the economy. These have led to an up-and-coming technology named biosorption.
Biosorption is demarcated as a procedure using an appropriate dead biomass for adsorbing metal ions from aqueous solutions (Jeffers et al. 1991) . The high affinities between the adsorbate, in this case metal ions and biosorbents, attract and bind them in different mechanisms (Ramachandra et al. 2005) . These mechanisms include complexation, coordination, physiochemical mechanisms, electrostatic interaction, ion exchange combinations, micro-precipitation, adsorption and chelation (Vijayaraghavan and Yun 2008; Wang and Chen 2006) .
The attentive selection of the most suitable replacements should be on the basis of a cost-benefit analysis done for each one of the potential removal techniques. At this stage, development in the awareness of biosorption has gained robust consistency during recent years due to its ecofriendly nature, very profitable, exceptional performance, vigorous process and less costly domestic practice for remediating even tremendously metal-contaminated water (Volesky 2001) . Most of biosorbents are simply available, inexpensive and there is no requirement of extra nutrients. Furthermore, biosorption produces no secondary chemical sludge; besides, biosorbents can be readily regenerated which aids in recovery of metal ion (Park et al. 2008; Chubar et al. 2004 ). But still, there lies a big challenge to develop biosorbents to remove arsenic with high removal efficiency, inexpensive and well-explained biosorption mechanism.
Surface modification of biosorbents is appealing as a current research field for the advance of low-cost arsenic removal technique. Recently, some biosorbents like ironcoated rice husk (Pehlivan et al. 2013) , iron-modified bamboo charcoal (Liu et al. 2012) , magnetic wheat straw (Tian et al. 2011) , magnetic biochar (Zhang et al. 2013) , magnetite-doped activated carbon fiber (Zhang et al. 2010a ) and iron-chitosan composites (Gupta et al. 2009) were described for efficient biosorption. Due date, Zhang et al. (2010b) described that bimetal oxide magnetic nanomaterials (MnFe 2 O 4 and CoFe 2 O 4 ) were synthesized and characterized and used for removing of As(III) and As(V). Parsons et al. (2009) stated the ability of the Fe 3 O 4 , Mn 3 O 4 , and MnFe 2 O 4 nanophases for removing As(III) and As(V) from aqueous solutions.
Tea waste is a household waste obtainable in huge quantity in India as well as all over the world. It is an oxygen-demanding pollutant. Besides, it takes a long time for biodegradation. Conversely, while the tea waste used as biosorbent becomes saturated, it is just incinerated. The waste tea ash acquired by incineration is not a pollutant; rather, it could be utilized as a biosorbent. So, tea waste is a cost-effective biosorbent (Uddin et al. 2009 ). In this current investigation, the household tea waste was used as template, and MnFe 2 O 4 particles were grown. A composite of tea waste and MnFe 2 O 4 particles was prepared, and then, its probable application in arsenic biosorption was explored. Insoluble cell walls of tea leaf are mainly made up of hemicelluloses and cellulose, structural proteins, and several hydroxyl-rich compounds like condensed tannins and lignin (Tee and Khan 1988; Zakaria et al. 2007 ). The hydroxyl groups can offer chemical reaction sites and adsorb iron and manganese ions to grow MnFe 2 O 4 particles.
MnFe 2 O 4 , a familiar soft material, has outstanding chemical stability and frequently controls the concentration of free metal and organic matter in water or soil through adsorption reactions (Backes et al. 1995; Muroi et al. 2001) . In the present work, a composite of tea waste/MnFe 2 O 4 (TW/MnFe 2 O 4 ) was synthesized to hybridize high adsorption capacity of MnFe 2 O 4 with biosorptivity of tea waste. So, TW/MnFe 2 O 4 composite having the advantages of preferred biosorption capacity, could be used as an economical and encouraging biosorbent to remove a wide range of arsenic. The use of chemically modified adsorbent/biosorbent for adsorption/ biosorption of arsenic ions from water is an extremely effective process, due to which it is becoming widespread day by day. Podder and Majumder (2016) examined the potential of SD/MnFe 2 O 4 composite to biosorb both As(III) and As(V) in batch experimentations targeting the treatment of wastewater with high concentrations. Podder and Majumder (2015) also reported the use of GAC/ MnFe 2 O 4 composite for the removal of arsenic from wastewater. But compared to those, adsorbent/biosorbent TW/MnFe 2 O 4 composite is cost-effective because tea waste is a household waste and is readily available and cheap. Furthermore, to our best knowledge, nothing is known about the efficiency of TW/MnFe 2 O 4 composite in arsenic removal from wastewater.
The purposes of the present study, divided into six parts, were (1) to characterize the prepared TW/MnFe 2 O 4 composite with BET surface area and SEM-EDX, (2) to examine the influence of contact time in addition to temperature for removing As(III) and As(V) from synthetically prepared copper smelting wastewater, (3) to evaluate the kinetics and mechanism of present biosorption process, (4) to examine the biosorption thermodynamics to identify the biosorption mechanism, (5) to investigate the influence of initial arsenic concentration on biosorption kinetics and (6) to verify the influence of temperature on biosorption kinetics.
Materials and methods
Materials
Tea waste was collected from the tea stall located in the campus of Indian institute of Technology, Roorkee, India. The stock solutions of As(III) and As(V) were prepared by dissolving sodium arsenite (NaAsO 2 ) and sodium arsenate (Na 2 HAsO 4 , 7H 2 O), purchased from HiMedia Laboratories Pvt. Ltd., Mumbai, India, in 1 L of double-distilled water, respectively. All other required chemicals utilized in the experiments, were of analytical reagent grade and were purchased from HiMedia Laboratories Pvt. Ltd., Mumbai, India.
Preparation of TW/MnFe 2 O 4 composite (MTW)
Tea waste (TW) with a particle size of 1.18 mm diameter was washed for cleaning the adhering dirt, rinsed methodically with double-distilled water and, last of all, heated in an air oven at 105°C for 4 h. 25 g of dried TW was added into 500-mL conical flask containing 250 mL of 0.5 M HCl solution and, next, was agitated for 4 h at 120 rpm at 25°C. Thereafter, the mixture was left overnight. Then, the mixture was filtered for separating TW which was continually washed with double-distilled water for providing neutral pH. Then, the biosorbents were dried at 110°C for 3 h for removing moisture, cooled to room temperature and kept in plastic bags for further usage.
TW/MnFe 2 O 4 composites were prepared by chemical coprecipitation method with few changes (Shao et al. 2012) . In this procedure, 11.52 g of acid-treated TW was mixed into 200 mL solution containing dissolved ferric (III) chloride (FeCl 3 ) (0.05 mol i.e. 8.11 g) and manganese (II) chloride (MnCl 2 ) (0.025 mol i.e. 3.146 g) at room temperature. The amount of acid-treated TW was fixed for procuring TW/MnFe 2 O 4 mass ratios of 2:1. The solution temperature was increased to 60°C under energetic magnetic stirring, and after that, 5 mol/L of NaOH solution was added drop by drop to the above mixture till the pH of the solution reached 11. Then next, 1 h shaking was continued. Then, the suspension was heated in a water bath at 100°C for 4 h. After cooling, the prepared composite was repeatedly washed with double-distilled water to eliminate the contaminations (e.g. Na ? , Cl -) accompanied with the processes. Later, as-prepared composite was collected from the washed solution by filtering the mixture and, then, was dried at 110°C in an air oven. Fig. S1 of supplementary material represents the schematic diagram for the preparation of composite biosorbent. The reaction ionic equation (Bianfang et al. 2007 ) is as follows:
Batch experimental studies and analytical methods
All biosorption experiments were carried out by agitating an optimum biosorbent dose of 2 g/L of the TW/MnFe 2 O 4 composite with 100 mL synthetically prepared copper smelting wastewater of As(III) or As(V) of necessary concentration, at an optimum initial pH value around 7.0 and 4.0, respectively, and at a desired temperature, in an incubator cum orbital shaker (REMI Laboratory instruments) at 120 rpm. 1.0 N NaOH and 1.0 N HCl solutions were used for regulating the initial pH of the solution utilizing a digital pH meter (HACH Ò India). To inspect the influence of temperature on biosorption, batch experiments were done by contacting an optimum biosorbent dose (2 g/L) of the TW/MnFe 2 O 4 composite with As(III) or As(V) solution of a fixed concentration (50 mg/L) at an optimum contact time of 120 min at a range of temperatures (20, 25, 30, 40, 45 and 50°C) .
To observe the biosorption kinetics, batch experiments were performed by contacting an optimum biosorbent dose (2 g/L) of the TW/MnFe 2 O 4 composite with As(III) or As(V) solution of a fixed concentration (50 mg/L) at a constant temperature (30°C).
To review the effect of initial concentration on the kinetics of biosorption of both As(III) and As(V) by TW/ MnFe 2 O 4 composite, all biosorption experiments were done by agitating 2 g/L of the TW/MnFe 2 O 4 composite with 100 mL of As(III) or As(V) of selected concentration (50-2000 mg/L) at a constant temperature (30°C). Experiments were done for six initial concentrations (50, 100, 500, 1000, 1500 and 2000 mg/L) by agitating the flasks.
To investigate the influence of temperature on the kinetics of biosorption of both As(III) and As(V) by TW/ MnFe 2 O 4 composite, 2 g/L TW/MnFe 2 O 4 composite was added to each round-bottom flask containing 50 mg/L solution of As(III) or As(V). Experiments were conducted at three temperatures (30, 40 and 50°C) by shaking the flasks.
The samples were collected from the flasks through filtration by Whatman filter paper (Cat No 1001 125) (Remi Instruments Ltd., Mumbai, India) after fixed contact time for thermodynamic studies as well as at predetermined time intervals for kinetic studies, and a part of filtrate was diluted with HNO 3 solution (10%, v/v). The filtrate was analysed to determine arsenic concentration utilizing Thermo Fisher Scientific iCE 3000 series AA graphite furnace atomic absorption (GFAA) spectrometer (detection limit 20 lg/L).
Characterization
Scanning electron microscope (SEM; LEO Electron Microscopy, England) was used to characterize the surface morphology of TW/MnFe 2 O 4 composite. The solid samples were spread on adhesive carbon tape supported on metallic disks. Before and after arsenic biosorption, the elemental compositions of TW/MnFe 2 O 4 composite were determined by arbitrarily choosing areas on the surfaces of solid and then analysed by energy-dispersive X-ray (EDX) along with SEM.
Theoretical background
With the goal of assessing biosorption capacity by mass balance, detailed as the amount of adsorbate molecules adsorbed per unit mass of biosorbent at time t (mg/g), was calculated as follows:
The amount of adsorbate molecules adsorbed in terms of percentage was calculated as follows:
Determining adsorption kinetic parameters by nonlinear regression
The kinetic parameter sets are computed by non-linear regression because of the inherent bias caused after linearization. This offers a mathematically laborious method to evaluate kinetic parameters utilizing the original kinetic equation (Khan et al. 1996; Ncibi 2008; Hadi et al. 2012 ). Commonly, Gauss-Newton methods or Levenberg-Marquardt-based algorithms (Edgar and Himmelblau 1989; Hanna and Sandall 1995) are utilized. The biosorption kinetic data of arsenic on TW/MnFe 2 O 4 composite were analysed by non-linear curve fitting analysis using professional graphics software package OriginPro (8.5.1 version) for fitting the kinetic models. The optimization method requires the selection of a goodness-of-fit measure (GoFM) with the purpose of valuing the fitting of the kinetics to the experimental data. In the present research, six GoFM (residual sum of squares (SSE), reduced Chi-squared test (reduced v 2 ), coefficient of determination (R 2 ), adjusted R-square (R 2 ), R value (R) and root-MSE value were employed for evaluating kinetic parameters utilizing the OriginPro software by considering Appl Water Sci (2017 ) 7:2689 -2715 2693 95% confidence interval (the details are provided with the supplementary material). The adjusted coefficient of determination (R 2 ), which generally takes into account the number of variables and sample size in the model, is deliberated superior to the coefficient of determination (R 2 ), since it revises the overestimation by R 2 (Warrens 2008) . While dealing with small samples, specifically, it is more exact than R 2 .
Adsorption kinetic modelling
Biosorption kinetics reveals the rate of adsorbates bonding on the surface of the biological materials. Kinetics studies deliver the vital information about the probable mechanism of biosorption that includes the diffusion (bulk, external, and intraparticle) and chemical reactions.
In general, it is supposed that adsorbate transport happens in the few following steps. The first step includes the transport of adsorbate in the bulk of the solution; second step comprises the external diffusion or film diffusion (the substrates diffuse from the bulk solution to the external surface of the biosorbent); the third step was because of the transport of the adsorbate across the boundary layer; the fourth step involves the transfer of compounds in the pores to the internal parts of the biosorbent; and finally, uptake of molecules by the active sites which is so-called internal diffusion or intraparticle diffusion, and the fifth step comprises biosorption and desorption between the adsorbate and active sites, i.e., mass action (Plazinski et al. 2009; Qiu et al. 2009; Michalak et al. 2013) . In many experimental biosorption systems, the influence of transport in the solution is rejected by fast mechanical mixing, so it is not supposed to be involved in governing of the overall sorption rate and can be overlooked, as a rule (Plazinski et al. 2009 ). In the past decades, several mathematical models have been proposed to describe adsorption data, which can usually be categorized as adsorption reaction models and adsorption diffusion models. Both models are used to describe the kinetic process of biosorption; but, they are quite different in nature. Adsorption diffusion models are always constructed on the basis of above five consecutive steps. However, adsorption reaction models originating from chemical reaction kinetics are on the basis of the whole process of adsorption without considering these steps mentioned above. Both adsorption reaction models and adsorption diffusion models are now widely employed for fitting kinetic data (Qiu et al. 2009 ).
With the purpose of inspecting dynamic biosorption behaviour of As(III) and As(V) on the surface of TW/ MnFe 2 O 4 composite, i.e., controlling the current biosorption process mechanisms and the possible rate-controlling steps, e.g., mass transport and/or chemical biosorption processes, kinetic models have been used to fit the experimental data. Fourteen kinetic models were used in the present study assuming that concentrations on the biosorbent surface are equal to the measured concentrations.
There are many models for kinetics of biosorption at the interface of solid/solution. Fractional power model (FP), pseudo first-order (PFO) and pseudo second-order (PSO) are common empirical models; however, their major drawback is that they may simply define the kinetics of adsorption at some restrictive situations (Haerifar and Azizian 2013) . Elovich is a two-parametric semi-empirical model, and fractional power (FP), Ritchie second-order, and exponential (EXP) kinetic models are two-parametric empirical models to analyze kinetic data at near to equilibrium. As well, other empirical models, for instance, Avrami, modified pseudo second-order (MPSO) and mixed 1, 2 order model (MOE) equations have been recommended for modelling the adsorption kinetics at the interface of solid/solution. These models are mainly threeparametric equations. These new models are expected to describe the performance of a given biosorbent more accurately and to help to gain insight in biosorption mechanism (Qiu et al. 2009 ).
The prior kinetic models of adsorption at the interface of solid/solution can be generalized by taking into consideration the fractal-like methodology i.e., time dependence of adsorption rate coefficient. A physical significance of the concept of fractal-like has been considered for adsorption kinetics on solid surfaces that is heterogeneous energetically. The fractal-like study demonstrates that the kinetics of adsorption at interface of the solid/solution in a real system with various kinds of surface sites and with various affinities for adsorption can be demarcated by a fractal-like methodology. Based on this study, the history of process can impact the process; besides, the achieved rate coefficient of adsorption is a function of time. Some kinetic models for single-solute systems are listed in Table 1 . The details of kinetic equations are provided with the Supplementary Material.
Adsorption mechanistic modelling
The removal of adsorbate species from the liquid by the solid phase takes place in three successive steps as follows (McKay et al. 1981; Singh and Pant 2006; Al-Degs et al. 2008) . The three stages tangled in the mechanism of biosorption process are as follows:
1. First, the adsorbate mass transfer from the aqueous phase on the biosorbent surface, i.e., film diffusion or surface diffusion takes place; 2. Second, internal diffusion of adsorbate via either a pore diffusion model or homogeneous solid phase diffusion model, i.e., particle diffusion occurs; and 3. The third stage is the biosorption of adsorbate on the surface sites. Due to its very fast nature, it cannot be considered for the rate-determining step.
So as to know the rate-controlling step, the following different models were applied using the experimental data of kinetic study. Some mechanistic models for single-solute systems are listed in Table 2 . The details of mechanistic model equations are provided with the Supplementary Material.
Adsorption thermodynamic modelling
The entropy and Gibbs free energy parameters should be measured with the intention of deciding if the processes will happen spontaneously. Thermodynamic parameters, for example, DG 0 , DH 0 and DS 0 , can be calculated utilizing equilibrium constant while the temperature varies (Table 3) , and their evaluation gives an insight into the possible nature of adsorption. The details of thermodynamic model equations are provided with the Supplementary Material.
Adsorption activation energy
The adsorption activation energy (E a ) was calculated by considering the equilibrium constants under the different experimental conditions (Table 3 ). The detailed equation is provided with Supplementary Material.
Results and discussion
Effect of contact time Figure 1 exhibits the effect of contact time on the % removal of As(III) and As(V). The time required to achieve equilibrium for both As(III) and As(V) biosorption on TW/ MnFe 2 O 4 composite was 120 min. With further increase in time, no significant increase was achieved in removing 
Complex nature of adsorption Appl Water Sci (2017 ) 7:2689 -2715 2695 arsenic. So, further biosorption studies were done for a contact time of 120 min. From the results, it is further noticeable that in all the systems, the time for saturation does not depend on the adsorbate concentration in the solution. The change in the removal rate might be due to the fact that, initially, all biosorbent sites are readily available as well as the concentration gradient of adsorbate is very high. At optimum pH, the rapid kinetics of interaction of biosorbent-adsorbate might be obvious to increase the availability of the active sites of the biosorbent. Then, the removal of adsorbate was fast in the initial stages and gradually decreases with the interval of time till equilibrium in each case. So, the curves obtained were single, smooth and continuous approaching to equilibrium and suggested the probability of monolayer coverage of the adsorbate on the biosorbent surface (Ranjan et al. 2009 ).
The highest removal of As(V) ions was attained in 80 min and 60 min on Salvadora persica stem ash obtained at 300°C and Salvadora persica stem ash obtained at 500°C, respectively (Mostafapour et al. 2013 ). The highest As(III) removal of 82.23% was found at a contact time of 90 min using banana peel (condition: optimized pH 7.0, dose of 8 g/L, temperature of 35°C and 10 mg/L As(III) ion concentration) by Kamsonlian et al. (2012a) .
Biosorption kinetic studies
Information on the kinetics of adsorbate uptake is significant for indicating optimum operating conditions for fullscale batch process. As a non-linearisable kinetic model and with the goal of comparing its fitting ability to the previous considered models, a non-linear regression analysis was done to 14 adsorption kinetic model. Table 4 shows the values of kinetic constants of all the models for the adsorption of both As(III) and As(V) by TW/MnFe 2 O 4 composite. The results showed that there was no remarkable relationship between the kinetic data for both As(III) and As(V) (Fig. 2) with low correlation coefficients and high error values signifying that these models (fractional power, pseudo first-order, Elovich and exponential) are not appropriate in the present case. In case of As(III), on the basis of maximum correlation coefficients (R, R 2 and R 2 ), the superior and perfect fitting of the experimental results was observed employing Brouser-Weron-Sotolongo (Fig. 2) among all the verified kinetic models, whereas on the basis of the lowest error values (SSE, reduced v 2 and root-MSE), the better and perfect demonstration of the experimental results was achieved using Ritchie second-order model (Fig. 2 ) among all the well-known kinetic models.
Brouers-Weron-Sotolongo model (Fig. 2) exhibited the best fit among all the models in case of As(V) in terms of the lowest error values (SSE, reduced v 2 and root-MSE) and the highest correlation coefficients (R, R 2 and R 2 ). The vital supposition of Ritchie second-order model was that one adsorbate was adsorbed on two surface sites. It was supposed that the pre-adsorbed stage occurred on the TW/MnFe 2 O 4 composite adsorption (Cheung et al. 2001 ). The biosorbent surface coverage has been typically presumed to be zero.
Going to the theory beyond the best fitting model (i.e., BWS), the adsorption phenomenon of As(V) on TW/ MnFe 2 O 4 composite would be governed by chemisorption interactions type, exhibiting that the rate-governing step might be chemical adsorption involving valency forces through sharing or exchange of electrons between As(V) anions and TW/MnFe 2 O 4 composite. Furthermore, the BWS model conveys another interesting data which is the time significant to adsorb half the maximum amount (s nBWS,a ). As presented in Table 4 , with respect to initial arsenic concentration, 21.16453 min and 17.33022 min (lowest value) were enough for TW/MnFe 2 O 4 composite to achieve half of the As(III) and As(V) uptake capacities, respectively, which is important as well as valuable parameter for computing the reaction speed. As for BWS model itself, it has a good fitting behaviour, and more implicitly, it conveys such quality data (i.e., adsorption capacity nearest to experimental value, q e(BWS) , and the time of half reaction, s nBWS,a ) which are very esteemed aimed at industrial treatment design purposes (Ncibi et al. 2014) .
Based on good correlation coefficient (R, R 2 and R 2 ) and low error values (SSE, reduced v 2 and root-MSE), it can be concluded that other kinetic models, for instance, pseudo second-order, Avrami, modified second-order, Ritchie second-order, fractal-like pseudo first-order, fractal-like pseudo second-order and fractal-like mixed 1, 2 order, fractal-like exponential models also showed good fitting of adsorption kinetic data for both As(III) and As(V) on TW/ MnFe 2 O 4 composite. The value of good correlation coefficients (R, R 2 and R 2 ) and low error values (SSE, reduced v 2 and root-MSE) for pseudo second-order model forecasts that mechanism of biosorption/bioaccumulation is chemisorption type.
Avrami exponent (n AV ) [0.62816 for As(III) and 0.56394 for As(V)] is a fractionary number connected with the possible variations of the biosorption mechanism that happen all over the biosorption process (Vaghetti et al. 2009 ). In place of following only an integer-kinetic order, the mechanism of biosorption could follow multiple kinetic orders that are altered throughout the contact of the adsorbate with TW/MnFe 2 O 4 composite (Vaghetti et al. 2009 ). n AV is a resultant of the multiple kinetic order of the biosorption procedure.
It is understood that the mixed 1, 2-order rate equation is linear in the Lagergren coordinates (i.e., it behaves like the first-order equation) near to the equilibrium and somewhat in the initial portion of the experiment. Precisely, we may conclude that it contains two linear segments connected with a curved one. Actually, the second-order equation shows linear behaviour in the initial portion of the experiment also, though the linear section is quite short. On the other hand, MOE may be treated as Langmuir equation for energetically homogeneous surfaces or as purely empirical equation for energetically heterogeneous surfaces.
The vital assumption of modified second-order model was that a number of surface sites, n R , are used by each adsorbate. It was supposed that the pre-adsorbed stage occurred on TW/MnFe 2 O 4 composite biosorption.
In case of fractal-like models (fractal-like pseudo firstorder, fractal-like pseudo second-order, fractal-like exponential, and fractal-like mixed 1, 2 order), the biosorption rate coefficient is considered a function of time using the fractal-like idea. One of the probable physical significances of fractal-like kinetics was that the biosorption of As(III) and As(V) occurred at solid/solution interface. In this approach, it was showed that by passing time, various paths for biosorption of As(III) and As(V) on surface appear (Haerifar and Azizian 2012) .
Final remarks on biosorption kinetic studies
The value of correlation coefficient (R, R 2 and R 2 ) for Brouers-Weron-Sotolongo model was better than acquired using the other kinetic model for As(III). But on the basis of the acquired error values (SSE, reduced v 2 and root-MSE), the Ritchie second-order model exhibited the best fit to the biosorption kinetic data of As(III) among all the models. The value of correlation coefficient (R, R 2 and R 2 ) and error values (SSE, reduced v 2 and root-MSE) for Brouers-Weron-Sotolongo kinetic model was better than that observed utilizing the other kinetic models for As(V). So, the kinetics of As(III) and As(V) biosorption using TW/MnFe 2 O 4 composite as a biosorbent can be well clarified by Brouers-Weron-Sotolongo kinetic model. It signifies that the mechanism of biosorption of both As(III) and As(V) is complex. The complex phenomenon of biosorption may include chemical interactions between the adsorbate and the functional groups on the biosorbent surface, which may involve hydrogen bounding, ligand exchange, Van der Waals, electrostatic interactions and hydrophobic interactions.
Among the models, pseudo second-order model also possessed a good fitness with experimental kinetic data. This tendency comes as a suggestion that the rate-limiting steps in biosorption of arsenic (either As(III) or As(V)) are (Lu and Gibb 2008) . It is vital to obtain the rate at which As(III) or As(V) is adsorbed on the surface of TW/MnFe 2 O 4 composite that is significant for designing fixed-bed biosorption column. Using the biosorption rate, kinetic constants are calculated to determine the equilibrium capacity of biosorbent and mass transfer coefficient at various aqueous phase concentrations. Amount of As(III) or As(V) biosorbed on solid surface is calculated using the kinetic equation which is vital for esteeming the concentration of the aqueous phase in fixed-bed column operation. The main design factors of fixed-bed adsorption column, the breakthrough time as well as the shape of breakthrough curve are dependent on adsorption rate. For the quicker adsorption rate, breakpoint time is attained prior; besides, the breakthrough curve shape is steeper.
The descriptive models from the best to worst for As(III) and As(V) were sorted according to GoFM values and shown in Table S1 and Table S2 , respectively.
Consequently, at this point, the fitting ''ambiguity'' influenced by the correlation coefficient (R, R 2 and R 2 ) and error values (SSE, reduced v 2 and root-MSE) was for As(III), as the correlation coefficient (R, R 2 and R 2 ) confirmed Brouers-Weron-Sotolongo as the best fitting model (the highest correlation coefficient) whereas the error values (SSE, reduced v 2 and root-MSE) showed that the Ritchie second-order model is the best (the lowest error values). Thus, for overcoming this doubt, it would be modest and practical for comparing the theoretically assessed q e values with the experimental ones. According to correlation coefficient R 2 values, the fitness of the models for all kinetic models is almost equivalent to each other for As(III). So, based on equivalent adsorption capacity, the orders followed by the models in declining manner are informed in Table S3 of Supplementary Materials. From the Table S3 of Supplementary Materials, it can be concluded that on the basis of equivalent biosorption capacity, Ritchie second-order model and fractal-like pseudo second-order kinetic models are the best fitting models for As(III) and As(V), respectively, owing to the highest value.
Biosorption mechanistic studies
Intraparticle diffusion model
Results of intraparticle model for both As(III) and As(V) are given in Table 5 . Figure 3 indicated the multilinear nature of intraparticle model. Since the plot did not pass through the origin, intraparticle diffusion was not the solely rate-governing step. So, there were three processes controlling the rate of biosorption; however, only one was rate-controlling in any certain time range. The intraparticle diffusion rate constant k int2 for both As(III) and As(V) was valued from the slope of the second linear portion ( Fig. 3 ; Table 5 ). The multi-linear curve of the intraparticle model with intercept C int2 specified the fact that both intraparticle diffusion of adsorbate through the mesoporus openings filled with liquid and film/external mass transfer across the thickness of boundary layer were the rate-governing steps in the biosorption of both As(III) and As(V) kinetics on the surface of TW/MnFe 2 O 4 composite. As(V) thickness of boundary layer of liquid surrounding the composite (Kavitha and Namasivayam 2007) . The interpretation of the discrete data points seen in Fig. 3 and Table 5 specified that intraparticle mechanistic model had been appropriate to cost-effectively and expertly describe the biosorption of both As(III) and As(V) on the surface of TW/MnFe 2 O 4 composite in terms of linear regression coefficient adjusted R-square (R 2 ), ranging between 0.97724 and 0.99518 in both the cases. Larger value of intercepts attained for second linear portion, i.e., C int2 , suggested that the film diffusion had played a superior role as the rate-limiting step (Rengaraj et al. 2007 ).
Determination of rate-limiting step
The values of the film diffusion coefficient D 1 and the pore diffusion coefficient D 2 for both As(III) and As(V) are given in Table 5 . The high negative exponential of almost closest value specified that both pore diffusion and film diffusion had controlled the mechanism of biosorption for both As(III) and As(V).
Dumwald-Wagner model
The plot (Fig. 4) of log (1 -F 2 ) versus t has yielded almost perfect linear curves for the removal of both As(III) and As(V) by TW/MnFe 2 O 4 composite, respectively, but did not pass through the origin indicating that the diffusion of adsorbate into pores of the biosorbent was not the solely rate governing-step in both the cases. Table 5 lists the computed results of Dumwald-Wagner model. In the current study, the linearity of the plots intersected the origin of coordinates; so, film diffusion process was the rate-controlling step.
Richenberg model or Boyd plot
The results of the corresponding model for both As(III) and As(V) are exhibited in Table 5 and Fig. 5, respectively . From the plots of B b t versus t, it was found that the plots had vital linear form for both As(III) and As(V) at studied temperature but did not pass through origin which had selected the ongoing biosorption processes to be governed by film diffusion mechanism.
Film diffusion mass transfer rate equation or McKay plot
The values gained for ln(1 -F) as a function of time t, were plotted in Fig. 6 for As(III) and As(V), respectively, and the results of the respective model for both As(III) and As(V) are exhibited in Table 5 . The rate constant of the initial quick process (k M1 ) was evaluated from the slope of the first straight line (Fig. 6) . As can be understood from Fig. 6 , the rate constant of the sluggish process (k M2 ) was attained from the slope of the second linear portion. It is noticeable that the initial rapid process was controlled by film diffusion. Also, the values of k M2 are smaller than the values of k M1 for both As(III) and As(V). Thus, the found values of k M2 were evidence of a pore diffusion mechanism in the second stage of the biosorption (Atun and Hisarli 2003) . The presence of two straight lines for both As(III) and As(V) indicated that two processes, i.e., film diffusion and pore diffusion are involved.
The plots were nearly linear for both As(III) and As(V), but it did not return perfect linearity. Therefore, pore diffusion was not the rate-controlling step. In the prevailing system, film diffusion was the rate-governing step.
Bangham's model
The results of the respective model for both As(III) and As(V) are shown in Table 5 and (Fig. 7) . ( Fig. 7) for both As(III) and As(V), as specified by above equation, did not return perfect linear curves, and some data were discrete for the removal of As(III) and As(V) by TW/MnFe 2 O 4 composite enlightening that the diffusion of adsorbate within pores of the biosorbent was not solely the rate-governing step (Weber and Morris 1963) , and that film diffusion also had influence on the rate-limiting step.
Determination of diffusion coefficient
The D p and D f values for As(III) were 1.39587 9 10 -7 and 1.09785 9 10 -7 cm 2 /s, respectively. Similarly, these values for As(V) were 1.72657 9 10 -7 and 1.67623 9 10 -7 cm 2 /s, respectively (Table 5) .
So, in the current case, pore diffusion was not the solely rate-controlling step for both As(III) and As(V). For As(III), the value of D f (1.72657 9 10 -7 cm 2 /s) falls within the range of 10 -6 and 10 -8 cm 2 /s, and for As(V), the D f value (1.67623 9 10 -7 cm 2 /s) is also in the order of 10 -7 . So, it was observed that the film diffusion had been the rate-governing step for both As(III) and As(V).
Higher value of D f and smaller value of D p of As(V) than that of As(III) was because of the presence of As(V) as totally positively charged species and As(III) as mostly neutral species at the experimental pH. Because of negative charge of As(V), it was willingly transported from the bulk solution to mainly the positively charged biosorbent surface and got biosorbed on the active sites of biosorbent surface instead of the interior pores.
Determination of diffusivity
From the slope p 2 D e /r 2 of the plot of ln[1/(1 -F 2 )] versus t ( Fig. 8; Table 5 ), the value of diffusion coefficient, D e as assessed, was seen to be 8.8 9 10 -14 and 9.1 9 10 -14 m 2 / s for As(III) and As(V) biosorption on TW/MnFe 2 O 4 composite, respectively. For the current systems, the value of D e lies within the range of 10 -9 -10 -17 m 2 /s; consequently, the system was chemisorption system. The values of the diffusion coefficient, D e , fell well within the magnitudes reported in the literature (Naiya et al. 2009; Singha and Das 2011) .
Final remarks on biosorption mechanistic studies
The above-considered models for biosorption of both As(III) and As(V) specified that two processes, i.e., film diffusion (diffusion of adsorbate through the solution to the external surface of biosorbent or boundary layer diffusion of adsorbate) and pore diffusion (diffusion of the adsorbate from the surface film into the pores) were involved in the present biosorption processes for both As(III) and As(V) and pore diffusion was not the solely rate-controlling step. Usually, film diffusion controlled the rate-controlling step in both the cases. The uptake of arsenic (either As(III) or As(V)) species from the liquid to the solid phase was carried out in three consecutive steps (Al-Degs et al. 2008) . First, film diffusion occurred. Second, pore diffusion took place. The third step is the biosorption/bioaccumulation which is being very rapid in nature and cannot be taken into account for the rate-determining step (Singh and Pant 2006) .
Effect of temperature
The temperature has two main impacts on the biosorption process. Increasing the temperature is known to increase the rate of diffusion of the adsorbate because of the reduction in the viscosity of the solution. Similarly, varying the temperature will alter the equilibrium biosorption capacity of the biosorbent for a specific adsorbate (Nouri et al. 2007 ).
The effect of temperature on the removal efficiency of As(III) and As(V) was carried out in the range of 20-50°C during the equilibrium time. The results indicated that the highest removal was acquired at a temperature of 30°C (Fig. 9) . Initial increase in removal efficiency up to 30°C is usually due to the increase in collision frequency between biosorbent and adsorbate. Further increase in temperature ([30°C) resulted in lower removal efficiency for arsenic removal by TW/MnFe 2 O 4 composite. This can be explained by the spontaneity and exothermicity of the biosorption process. This reduction in removal efficiency might be because of many factors: the relative increase in the dodging tendency of the arsenic ions from the solid biosorbent phase to the bulk liquid phase; deactivating the surface of biosorbent or destructing some active sites on the surface of biosorbent owing to bond ruptures (Meena et al. 2005; Romero-Gonzalez et al. 2005) or because of the weakening of biosorptive forces between the adsorbate species and the active sites of the biosorbents and also between the adjacent molecules of biosorbed phase for high temperatures or movement of biosorbents with higher speed; thus, lower interaction time with the biosorbent active sites was obtainable for them (Yadav and Tyagi 1987; Roy et al. 2014) . Maximum removal of As(III) and As(V) was observed at 30°C by Kamsonlian et al. (2012b) 
Biosorption thermodynamic studies
The evaluated values of the thermodynamic parameters from the plot of ln k d versus 1/T (Fig. 10) are presented in Table 6 . The equilibrium constant k d was evaluated, when the temperature was altered between 20 and 50°C for both As(III) and As(V). The highest removal of adsorbate was achieved at 30°C in both the cases. The removal efficiency initially increased with rising the temperature from 20 to 30°C. Then, it reduced with rising the temperature from 30 to 50°C. The DH 0 values found for the biosorption of both As(III) and As(V) were negative due to the exothermic nature of the biosorption process. The value achieved for As(V) biosorption was more than the value acquired for As(III). A negative value of DG 0 specified the spontaneous nature of the biosorption process; nonetheless, the negative value of DS 0 showed a decrease in the randomness at the solid/solution interface throughout the biosorption process (Ngah and Hanafiah 2008) . Higher negative value of DG 0 at a temperature of 30°C, as was achieved in the study, inferred more driving force for biosorption at 30°C (Crini and Badot 2008) . The values of DG 0 achieved in the present study were between -18.48 to -19.73 and -19.1 to -20 .36 kJ/mol for As(III) and As(V), respectively. Therefore, it indicated that the mechanism of present biosorption process had happened via ion exchange and/or surface complexation mechanism.
Effect of initial arsenic concentration on biosorption kinetics
To investigate the effect of initial concentration on kinetic studies, a series of contact time experiments for both As(III) and As(V) were conducted at various initial concentrations (50-2000 mg/L) at temperature of 30°C. (Fig. 11) reveals that the contact time necessary for both As(III) and As(V) with initial concentration of 50-1000 mg/L for attaining equilibrium was 120 min. But for both As(III) and As(V), with higher initial concentration ([1000-2000 mg/L), higher equilibrium time of 160 min was needed. As can be decided from Fig. 11 , the amount of the biosorbed both As(III) and As(V) on the surface of TW/MnFe 2 O 4 composite amended with time and, at some point in time, achieved a constant value beyond which no more As(III) or As(V) was removed from solution. At the moment, the amount of both As(III) and As(V) desorbing from the biosorbent was in a state of dynamic equilibrium with the quantity of both As(III) and As(V) being biosorbed on the surface of TW/MnFe 2 O 4 composite. The time necessary for achieving this state of equilibrium is called the equilibrium time. Therefore, the rate of biosorption reduced with time till it progressively prone to a plateau because of the constant reduction in the concentration driving force. Comparable trend was described by Kamsonlian et al. (2012c) using mango leaf powder and rice husk for biosorption of As(III).
Determination of initial sorption rate
From Fig. S2 and Table 7 , it is observed that the pseudo second-order rate constants (k PSO ) were seen to decrease and the initial sorption rates (h) were understood for increasing with increased initial concentration of both As(III) and As(V). The initial sorption rate was superior for higher initial As(III) and As(V) concentration as the resistance to uptake of both As(III) and As(V) decreased as the mass transfer driving force enhanced. The evaluated q e(PSO) values just agreed satisfactorily with the experimental data, and the high correlation coefficient (R, R 2 and R 2 ) and low error values (SSE, reduced v 2 and root-MSE) show that the model can be used for the whole biosorption process and allowed the chemisorption of both As(III) and As(V) on TW/MnFe 2 O 4 composite. 
Effect of temperature on biosorption kinetic
Temperature is a significant factor governing the biosorption process. The effect of temperature on the biosorption of both As(III) and As(V) by TW/MnFe 2 O 4 composite was done from 30 to 50°C at C 0 is 50 mg/L and TW/MnFe 2 O 4 composite loading is 2 g/L. A declining biosorption rate of both As(III) and As(V) with rising temperature from 30 to 50°C acknowledged the process to be exothermic (Fig. 12) . This is considered before concerning thermodynamic parameters in Supplementary Materials. Related trend has been defined by Roy et al. (2014) using ironimpregnated sugarcane carbon Miretzky et al. (2008) and Saqib et al. (2013) using Blue Pine (Pinus wallichiana) and Walnut (Juglans regia). The time desirable to achieve biosorption equilibrium is 80 min at temperatures in the range of 30 and 50°C. The % removal of both As(III) and As(V) was, nonetheless, moderately unaffected by temperature, decreasing from 83.47826 at 30°C to 66.08696 at 50°C for As(III) and from 86.61538 at 30°C to 69.74615 at 50°C for As(V).
Biosorption activation energy
Biosorption rate constants k PSO of both As(III) and As(V) were projected from experimental data at different temperatures assuming non-linear form of pseudo secondorder kinetics. Parameters of Arrhenius equation were fitted using these rate constants for calculating temperatureindependent rate parameters and biosorption type. A plot of ln k PSO versus 1/T exhibited a straight line with slope -E a / R ( Fig. S3 ; Table 8 ). The magnitudes of activation energy for As(III) and As(V) biosorption on TW/MnFe 2 O 4 composite were 11.66 and 10.71 kJ/mol signifying that both the biosorption of As(III) and As(V) on the surface of TW/ MnFe 2 O 4 composite was activated chemisorption.
Characteristics of biosorbent
SEM-EDX analysis
The SEM images of acid-treated TW, the prepared unloaded TW/MnFe 2 O 4 composite and TW/MnFe 2 O 4 composite loaded with As(III) and TW/MnFe 2 O 4 composite loaded with As(V) are shown in Fig. 13a-d being merged; a slight porous structure could still be noticed, which conserved high biosorption capacities of the acid-treated TW. A modification in surface morphology from being smooth to rough and occupation of pores specified the As(III) and As(V) biosorption on the surface and pores of TW/MnFe 2 O 4 composite giving it a rough texture (Agarwal et al. 2013 ).
The following EDX spectra of the unloaded and loaded composite were collected and shown in Fig. 13a-d . The attendances of iron, manganese and oxygen on the unloaded composite surface, and iron, manganese and oxygen, arsenic on the loaded composite surface were exposed clearly. This outcome again recognized the existence of MnFe 2 O 4 particles on the acid-treated TW surface as well as biosorption of arsenic on the surface of composite.
FT-IR analysis
The biosorption capacity of heavy metal on many biosorbents is controlled by the existence of many active functional groups on the surface of biosorbent. The Fourier transform infrared spectra (FT-IR) study of unloaded as well as metal-loaded TW/MnFe 2 O 4 composite at optimized batch experimental condition were examined for detecting the functional groups responsible mainly for the process of biosorption (Fig. 14) . Table 9 indicates the wave number for the various functional groups existing in the unloaded TW/MnFe 2 O 4 composite and As(III)-and As(V)-loaded biosorbent. Surface -OH and -NH groups were main active functional groups responsible for As(III) and As(V) biosorption as the wave number shifted from 3403.797 to 3419.225 cm -1 (As(III)) and to 3430.796 cm -1 (As(V)) (Singha and Das 2011) . Some researchers have also stated that after the adsorption of arsenic on the Fe-Ce and Fe-Mn adsorbents, the peak of hydroxyl groups reduced or vanished (Zhang et al. 2005 (Zhang et al. , 2007 . Aliphatic C-H stretching may be answerable for biosorption of As(III) and As(V) on TW/MnFe 2 O 4 composite as wave number shifted from 2921.673 to 2930.233 and to 2923.602 cm -1 , respectively. Table 9 also shows the accountability of aliphatic acid C=O stretching for As(III) and As(V) biosorption by shifting the wave number from 1731.79 to 1729.862 and to 1728.992 cm -1 , respectively. Wave number shifted from 1639.223 to 1633.437 cm -1 (As(III)) and to 1633.437 cm -1 (As(V)) which provided the reactivity of unsaturated group like alkene for the biosorption process (Singha and Das 2011 Uddin et al. 2009 ). Symmetric bending of CH 3 is also responsible which is concluded from the shift of the peak from 1448.301 cm -1 to 1444.444 cm -1 (As(III)) and to 1432.873 cm -1 (As(V)) (Malkoc and Nuhoglu 2006a) . Wave number 1243.881 cm -1 shifted to 1237.209 and to 1241.952 cm -1 is assigned for -SO 3 stretching for the biosorption of As(III) and As(V), respectively. Wave number 1157.098 cm -1 shifted to 1159.027 cm -1 (As(III)) and to 1160.955 cm -1 (As(V)) indicated the C-O stretching of ether groups, active for the biosorption process (Malkoc and Nuhoglu 2006a, b) .Wave number 1056.816 cm -1 shifted to 1052.959 cm -1 (As(III)) and to 1054.888 cm -1 (As(V)) indicated the Si-O stretching, active for the biosorption process (Lei et al. 2009) however, it shifted to 605.548 and 601.691 cm -1 after biosorption of As(III) and As(V), respectively. A distinctive peak at 558.76 cm -1 could be allotted for Mn-O bond (Kohler et al. 1997; Parida et al. 2004 ) and it had a different variability to 559.264 cm -1 for biosorption of both As(III) and As(V), respectively. The variation in wave number of Me-O bonds after biosorption of As(III) and As(V) exhibited that both Fe-O and Mn-O bonds were responsible for both MnFe 2 O 4 -As(III) and MnFe 2 O 4 -As(V) (Li et al. 2010; Ren et al. 2012) . Existence of As(III) and As(V) on the biosorbent can be assured from the bands that appeared at 781.395 and 828.527 cm -1 , respectively (Mondal et al. 2007; Zhang et al. 2009; Aryal et al. 2010) . It has to be cited here, that a perfect band was quite problematic to be acquired in the case of both As(III) and As(V) observed at 828.527 cm -1 . This may be due to various mechanisms involved in biosorption of As(III) and As(V). It should be well recognized that the As-O band after biosorption of arsenic was not visibly observed because of the broad overlapping peaks in this region (Li et al. 2010 ). 
Conclusions
• The present research exhibited that the TW/MnFe 2 O 4 composite prepared via coprecipitation method, was applied successfully for the biosorption of both As(III) and As(V) from synthetically prepared wastewater.
• The optimum contact time and temperature for As (III) and As(V) biosorption were 110 min and 30°C, respectively.
• Contact time essential for achievement of equilibrium improved with rising concentration, but, however, remained practically uninfluenced by rising temperature.
• The rate of biosorption of both As(III) and As(V) by TW/MnFe 2 O 4 composite decreased with increasing concentration.
• By applying 14 different kinetic models and using the procedure of non-linear regression for curve fitting analysis (maximizing the correlation coefficient (R, R 2 , R 2 ) and minimizing the error values (SSE, reduced v 2 and root-MSE) to evaluate optimum parameter sets, both the fractal-like exponential model as well as the Brouers-Weron-Sotolongo model were found suitable to predict the biosorption kinetic of As(III) on TW/MnFe 2 O 4 composite according to GoFM values, and Brouers-Weron-Sotolongo kinetic model indicates that a complex mechanism of adsorption was seen suitable to forecast the biosorption kinetic of As(V) on TW/MnFe 2 O 4 composite according to GoFM values.
• The results acquired from different mechanistic models indicated film diffusion as the governing factor over pore diffusion.
• The effective diffusivity estimated using Vermeulen's approximation indicated that the interactions between arsenic ions (either As(III) or As(V)) and GAC/ MnFe 2 O 4 composite were chemical in nature.
• The related thermodynamic parameters exposed that the biosorption of both As(III) and As(V) had been an exothermic process and spontaneous in nature.
• From Arrhenius equation, it was proved that the biosorption of As(III) and As(V) by TW/MnFe 2 O 4 composite might be an ion exchange process.
• EDX analysis recognized the attendance of iron and manganese in the TW/MnFe 2 O 4 composite and it also determined the fact that both As(III) and As(V) were adsorbed on the biosorbent.
• TW/MnFe 2 O 4 composite can be used as a capable biosorbent for removal of both As(III) and As(V) from contaminated water sources.
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